
Study of structural correlations with temperature

dependent dielectric response and ferroelectric

behavior for (Sr, Mn) co-doped BaTiO3

Mehroosh Fatema1, Akriti Bajpai1, Anand Somvanshi1, Samiya Manzoor1, M. Arshad1,
Naima Zarrin1, Aref A. A. Qahtan1, Wasi Khan1, and Shahid Husain1,*

1Department of Physics, Aligarh Muslim University, Aligarh 202002, India

Received: 12 November 2021

Accepted: 18 January 2022

Published online:

31 January 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

The present study reveals the effect of (Sr, Mn) co-doping on structural,

dielectric, ferroelectric and electronic transport properties of Ba1-xSrxTi1-x-

MnxO3 (x = 0.0, 0.1), synthesized by the solid-state reaction route. Rietveld

refinement technique ensures mono-phase nature with tetragonal crystal

structure and P4mm space group. The variation in structural parameters high-

lights a distortion in the tetragonal phase instigated upon (Sr, Mn) co-doping.

FTIR analysis reveals absorption bands in the region of 520–560 cm-1 and

425–435 cm-1 corresponding to Ti–O stretching (m1) and bending vibrations (m2),
respectively, confirming the formation of TiO6 octahedron. As estimated from

the SEM micrographs, the grain sizes were found to fall in the range of

0.2–1.4 lm. The room temperature dielectric measurements reveal high value of

dielectric constant for pristine sample (er = 1121), which decreases slightly upon

co-doping (er = 1081). The samples exhibit the universal dielectric response

phenomena within the low frequency regime (42 Hz–50 kHz). The temperature

dependent dielectric measurements exhibit a thermally activated peak near

400 K for the pristine sample, which shifts towards lower temperatures for the

doped sample, indicating a decrease in the Curie temperature. The conduction

mechanism in this system is governed by the correlated barrier hopping model.

The ac conductivity data have been used to estimate the binding energies (Wm)

of the polarons and activation energy in different temperature regions. The

room temperature ferroelectric hysteresis (P–E loops) studies reveal that the

ferroelectricity in the system is suppressed under the effect of (Sr, Mn) co-

doping. The negative temperature coefficient of resistivity (NTCR) characteris-

tics indicate the semiconductor nature of these systems.
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1 Introduction

Over the past decades, lead-free ferroelectric ceram-

ics have gained wide attention owing to their non-

toxic character and extraordinary electrical proper-

ties, which could be utilized in a variety of applica-

tions including ceramics capacitors, piezoelectric

devices, thermistors and semiconductors [1, 2]. Bar-

ium titanate (BaTiO3) is one of the most functional,

and hence, extensively researched perovskite mate-

rial on account of its exorbitant room temperature

dielectric permittivity and ferroelectric behaviour

[3–5]. Its properties such as dielectric and polariza-

tion response, conductivity mechanism and Curie

temperature can be modulated by the chemical sub-

stitution of suitable dopants at the lattice sites to

adhere to the robust demands for designing various

electro-ceramic components [6, 7].

BaTiO3 embraces a tetragonal perovskite structure

at temperatures ranging from 7 �C to almost 130 �C
[8–10]. Its Curie temperature is in the vicinity of

130 �C, beyond which it transforms to the cubic,

paraelectric state [11]. Pristine BaTiO3 is electrically

insulating at room temperature and its dielectric

characteristics are highly dependent on the synthesis

process, density, grain size and sintering tempera-

ture. Several donor and acceptor impurities have

been interminably explored for their impact upon the

electrical properties via partial substitution of either

Ba2? ions (A-site doping) or Ti4? ions (B-site doping)

in BaTiO3 (BTO) crystal lattice. The incorporation of

divalent cations such as Ca2?, Cu2? and Sr2? [12] and

trivalent cations such as La3?, Nd3?, Dy3?, Eu3?,

Ce3?, Ho3?, Eu3?, also known as the magic dopants

have been well explored and have been found to

improve the lifetime of the capacitor [13–17]. Simi-

larly, there are various accounts of divalent (Mn2?,

Ni2?), tetravalent (Te4?, Ce4?, Zr4?, Sn4?) and pen-

tavalent (Nb5?, Sb5?,Ta5?) ion substitution at the Ti

site, which reportedly promoted greater stability and

enhanced optical, magnetic and thermal properties of

the ceramics [7, 18, 19]. In particular, the substitution

of Sr2? in place of Ba2? formed a solid solution of

barium strontium titanate, which was very effective

in modifying the physical parameters associated with

BTO. Ortiz et al. [20] studied the impact of ball-milled

Sr doped BaTiO3 (0.01 mol% to 0.1 mol%) and

obtained fine, dense microstructure within the

0.1 mol% sample, which displayed the highest rela-

tive density of over 99% of the theoretical value. The

tetragonal to cubic phase transition temperature was

favourably tuned by varying the ratio of Sr/Ba to the

room temperature range. Chamekh et al. [21] repor-

ted the synthesis of Ba1-xSrxTiO3 (x = 0.0, 0.1, 0.2)

and proposed that these materials might be a

potential candidate to be used as pyroelectrics, owing

to their tunable Curie temperature. Their electrical

impedance study established that the inhomogeneity

of grains was minimum for 0.1 mol% Sr substituted

BaTiO3. Moreover, it displayed both NTCR and PTCR

effects upon varying the temperature.

Correspondingly, the impact of B-site substitution

of Mn in BaTiO3 is unique and has been receiving

increasing attention in recent years. In BaTiO3

ceramics, Mn is substituted at the octahedral Ti site

on account of the smaller ionic radii of Mn2?, Mn3?

and Mn4? valence states, which transform during the

sintering process given by the following reaction

[4, 22]:

BaTi1�xMn4þ
x O3 ! BaTi1�xMn3þ

x O3� x
2ð Þ þ

x

4
O2 "

! BaTi1�xMn2þ
x O3�x þ

x

2
O2 " ð1Þ

The concentration of oxygen vacancies changes

upon the incorporation of Mn into BaTiO3 and

depending upon the valency of Mn, hence improving

the conductivity of the material and reducing its

permittivity. It has been reported that doping with

Mn significantly reduced the Curie temperature of

BaTiO3, and at the same time, increased the dielectric

losses [23, 24]. Zhu et al. [25] have reported that

manganese doped perovskites exhibit uniform

microstructures accompanied, with unique multifer-

roic properties which could be utilized for future

magnetic recording devices, ambient temperature

sensors and spintronics. Dang et al. [26] have studied

the crystal structure of BaTi1-xMnxO3 (0 B x B 0.5)

by means of neutron powder diffraction and con-

cluded that as the concentration of Mn dopant esca-

lates, the system undergoes structural

transformations from a polar tetragonal to hexagonal

at x[ 0.09 and further to a non-polar rhombohedral

structure at x[ 0.12. Along with the phase transfor-

mation, the 0.1 mol% Mn doped sample displays the

smallest degree of distortion with the Mn–O bond

length lying between 1.996 Å and 1.970 Å. A very

high content of Mn dopant is found to deteriorate the

performance of the ceramic capacitors which is

attributed to the increase in oxygen vacancies and
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associated imperfections [27]. The major considera-

tion behind our decision to adopt Sr and Mn as co-

dopants for BaTiO3 was that the crystal structure of

Mn doped BaTiO3 readily transforms to hexagonal

phase at room temperature [28, 29]. Sr2? ions can

suppress the formation of the hexagonal phase

effectively and benefit the formation of single-phase

tetragonal crystalline material [29–31]. Moreover,

Sr2? plays a key role in promoting a fine grained,

dense microstructure with reduced heterogeneity in

BaTiO3 ceramics and is reported to lower the Curie

temperature [20, 32]. These properties of Sr and Mn

might be explored to make pyroelectric and multi-

caloric devices [32, 33].

On reviewing the above-mentioned reports, we

have found that the optimum values of the structural

and electrical properties of BaTiO3 were achieved at

0.1 mol% doping concentration of Sr and Mn inde-

pendently at Ba and Ti sites, respectively. In the

present study, detailed structural and electrical

investigations of pristine and (Sr, Mn) co-doped

BaTiO3 ceramics have been accomplished, as Sr- and

Mn-based ceramics might find applications at higher

temperatures with variable frequencies. The variation

in dielectric constant, ac conductivity and dc resis-

tivity have been monitored over a wide range of

frequencies and temperatures for the (Sr, Mn) co-

doped samples. We have not found such studies on

co-doped samples in the literature survey. Several

analysis techniques have been utilized to ascertain

the structural and control parameters such as Curie

temperature, conduction mechanism, and the elec-

tronic transport mechanisms within the samples.

2 Experimental

2.1 Synthesis

Solid-state reaction route was employed to synthesize

the BaTiO3 and Ba0.9Sr0.1Ti0.9Mn0.1O3 ceramics using

AR grade chemicals Barium carbonate (BaCO3),

Titanium dioxide (TiO2), Strontium Carbonate

(SrCO3) and Manganese Carbonate (MnCO2) as ini-

tial precursors. The stoichiometric amounts were

mixed in the acetone medium and sonicated for

40 min to aid homogenization. The solution was

dried for 15 min under a hot lamp to evaporate most

of the acetone and then the dried mixture was ground

for 4 h using an agate mortar and pestle. During the

process of grinding, initially a paste is formed which

gradually dries up as the acetone volatilizes and gets

evaporated thoroughly. This mixture is then heated

at 200 �C for 3 h in the furnace, followed by grinding

and finally sintered at 900 �C for 3 h to get the

desired phase of pristine and doped BaTiO3. The

samples have been synthesized at a lower sintering

temperature as compared to earlier reported values,

possibly due to ultrasonication.

2.2 Characterization

In order to analyze the structure and phase purity,

the synthesized ceramic materials were characterized

by powder x-ray diffraction (XRD) technique using a

LabX XRD-6100 advanced X-ray diffractometer (Shi-

madzu-Japan) with Cu-Ka (k = 1.54 Å) radiation. The

XRD spectra were recorded in the 2h range of 20� to
80� with the scanning rate of 4�/min and step size of

0.02�. The XRD data were refined with the Rietveld

refinement technique using FullProf software. Four-

ier transform infrared (FTIR) measurements were

performed on a circular pallet, prepared from a

mixture of sample and KBr in the weight ratio of

1:100. The vibrational spectra were recorded in the

transmission mode using Bruker Tensor 37 spec-

trometer in the wavenumber range of 400–4000 cm-1.

The surface morphology and quantitative elemental

composition of the powder samples were performed

by scanning electron microscopy (SEM) and energy

dispersive analysis of x-rays (EDAX) using a JEOL,

JSM-6510LV microscope at 15 kV operating voltage.

The temperature dependent dielectric measurements

in the frequency range of 42 Hz–1 MHz were carried

out using Hioki LCR meter. For dielectric measure-

ments, circular pellets were prepared and coated

with silver paste on both sides of the sintered pellets

in order to obtain the parallel plate capacitor config-

uration. Room temperature ferroelectric characteri-

zation was performed through standard multiferroic

PE loop tracer (Model: 20PME 1kHZ 0.01 M, Marine,

India) in which circular pellets were immersed in

silicon oil to avoid sparking at high voltages. The

variation of dc resistivity with temperature was car-

ried out by two-probe method using SES electronics

TPX-200C electrometer.
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3 Results and discussions

3.1 Structural analysis

The XRD patterns of BaTiO3 (BTO) and Ba0.9Sr0.1-
Ti0.9Mn0.1O3 (BSTMO) recorded at ambient tempera-

ture are shown in Fig. 1. The well-resolved peaks

match thoroughly with the tetragonal crystal struc-

ture having P4mm space group (JCPDS#83-1880). The

sharp and distinct diffraction peaks corresponding to

the planes (001), (100), (101), (110), (111), (002), (200),

(201), (112), (211), (220), (212), (301) and (310) confirm

the formation of well crystallized single-phase poly-

crystalline BTO. With the introduction of Sr2? at the

A-site and Mn2? at the B-site of the perovskite ABO3,

the double peaks at (001)–(100), (002)–(200), (112)-

(211) and (301)-(310) merge, revealing the distortion

in the tetragonal structure of BSTMO. It also signifies

a reduction in the degree of crystallinity in the sam-

ple with the addition of the (Sr, Mn) dopants, along

with the formation of crystal defects in the system

[34]. A minor satellite peak is observed at 2h = 23.9�
in the pristine sample corresponding to BaCO3

impurity (JCPDS 41-0373). With doping, the impurity

peak becomes prominent due to the additional con-

tribution from SrCO3 compound. (JCPDS 05-0418).

However, the intensity of the peaks remains almost

negligible owing to the low doping concentration.

In order to obtain the detailed structural informa-

tion of the samples, the XRD data have been fitted by

the Rietveld refinement technique, using the Fullprof

software. The diffraction data have been refined

using the tetragonal structure and P4mm space group

(Fig. 2). The peaks have been modelled in the Pseudo-

Voigt shape profile, whereas the background has been

defined by the 6- coefficient polynomial function.

This process has been systematically carried out

beginning with the refinement of the scale, overall B

factor and further proceeding to refining the atomic

position parameters (x, y, z), lattice parameters,

background and peak shape. The observed diffrac-

tion peaks of BSTMO exhibit the tetragonal per-

ovskite structure (P4mm), similar to that of pristine

BTO. The crystal structure of BTO obtained after

refinement has been modelled using VESTA software

[35] and is shown in Fig. 1b. The lattice parameters (a,

b, c), tetragonality (c/a), Reliability factors (Rp, Rwp,

Rexp), the goodness of fit parameters (v2), unit cell

volume and density of the unit cell are given in

Table 1. The lattice parameters, tetragonality and unit

cell volume have been found to decrease for the

doped sample. This decrease can be attributed to the

lower effective ionic radii of Sr2? (1.31 Å) as com-

pared to that of Ba2? (1.75 Å) cation. Manganese ions

are reportedly present in multiple valence states

irrespective of the starting precursor used due to

thermal effects [4]. The ionic radii of the B-site ions

have been reported as Ti4? (0.605 Å), Mn4? (0.53 Å),

Mn3? (0.645 Å) and Mn2? (0.83 Å) [36]. Manganese,

when doped in low concentrations, does not have

significant impact on the crystallite size of the mate-

rial, because the ionic radii of Mn in all its valence

states are comparable to that of the Ti4? ion. The

substitution of dopants Sr2? and Mn2?, having

smaller ionic radii causes local distortion in the

octahedral units, resulting in the decrease in unit cell

volume, lattice parameters, bond lengths, bond

angles and increase in the density of the crystal

structure (Table 1). The slightly larger values of (Rp,

Rwp, Rexp) are due to the low signal to noise ratio, but

Fig. 1 a Plots showing the

XRD patterns of BTO and

BSTMO samples. (Inset): Shift

of most intense peak of the

samples. b Crystal Structure of

BaTiO3 as visualized by

VESTA software
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the low values of goodness of fit parameter (v2), jus-
tifies the precision of the refinement.

Goldschmidt’s tolerance factor (s) has been calcu-

lated to measure the stability of the perovskite crystal

structure and to quantify the extent of distortion

introduced upon (Sr, Mn) co-doping in BaTiO3 [37].

Its value is ascertained by the formula:

s ¼
rBa=Sr þ rO
ffiffiffi

2
p

rTi=Mn þ rO
� � ð2Þ

where rBa=Sr and rTi=Mn represent the average ionic

radii of cations at A and B sites of ABO3 perovskite,

respectively, whereas rO is the radius of the anion

(Oxygen). The colossal difference in the ionic radii of

Ba2? and Ti4? leads to the high value of tolerance

factor, s; which amounts to 1.07. Its value reduces to

1.06 upon 10 mol % doping of Sr and Mn ions, as Sr2?

significantly lowers the average ionic radii of A-site

cation from 1.75 Å to 1.70 Å, hence reducing the

difference between the radii of A and B cations. The

reduction in the tolerance factor indicates a distortion

produced in the crystal structure and validates the

results obtained from the Rietveld analysis. The value

of s[ 1 signifies that the pristine and codoped sam-

ples belong to the tetragonal crystal family [38].

Fig. 2 Rietveld refined patterns of a pristine BTO and b BSTMO samples

Table 1 Structural parameters

of BTO and BSTMO samples

as estimated using Rietveld

refinement analysis

Structural parameters BTO BSTMO

Crystal family Tetragonal Tetragonal

Space group P4mm P4mm

Profile fitting functions Pseudo-Voigt Pseudo-Voigt

Lattice parameters a (Å) 3.9968 3.9917

b (Å) 3.9968 3.9917

c (Å) 4.0277 4.0119

Tetragonality (c/a) 1.0077 1.0050

Unit cell volume V(Å3) 64.34 63.92

Goodness of fitting (v2) 1.61 1.31

Reliabilty-factors (%) Rp 10.4 10.5

Rwp 13.0 13.6

Rexp 10.25 11.83

Bragg-R factors (%) RB 5.62 6.89

Rf 5.33 5.82

Density q (gm/cm-3) 6.15 6.49

Bond angle Ti–Oi–Ti (degree) 174.55 178.42

Bond length Ba/Sri–O (avg) (Å) 2.82 2.83

Ti/Mni–OI (Å) 2.27 2.27

Ti/Mn –OII(Å) 2.00 1.99
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The crystallite size (D) has been calculated by the

Scherrer’s equation [39] which is represented as

D ¼ kk
b cos h

ð3Þ

where b is the full width at half maximum (FWHM),

h is the Bragg angle, k is dimensionless constant and

represents the shape factor (0.9) and k indicates

wavelength of Cu-ka radiation (1.54 Å). Here, b
originates from the finite grain size of the crystalline

material. The crystallite size of BTO has been found

to be 39.7 nm which decreases to 23.6 nm for the

doped sample. This is confirmed by the broadening

of the peaks for the doped sample, that indicates

greater FWHM values. Figure 1a (inset) shows that

the diffraction peaks also exhibit a shift towards the

higher diffraction angles which is in accordance with

the Bragg law [40]. It indicates a decrease in the

interplanar spacing of the doped sample, leading to

greater unit cell density, lower values of unit cell

volume, lattice parameters, bond angle and bond

lengths in case of BSTMO specimen.

3.2 Williamson–Hall analysis

Crystallite size has also been calculated using the

Williamson-Hall approach [41–43], which states that

the line broadening observed in the XRD spectra may

be arising because of two mutually independent

factors. The width of the Bragg peak consolidates

instrument and material dependent modifications.

The instrument corrected broadening bD; is consis-

tent with the diffraction peak of the samples, and is

approximated by the relation:

b2D ¼ b2measured � b2instrumental

� �

ð4Þ

On substituting the value of bD from Eq. (4) to

Eq. (3), we get the Scherrer’s equation as

D ¼ kk
bD cos h

ð5Þ

The Williamson–Hall analysis also incorporates the

strain-induced broadening bS; arising from crystal

distortion, defects, and presence of imperfections,

which is given by the Wilson Formula [44],

bS ¼ 4etanh.
Based upon the assumption that these two broad-

ening contributions are mutually independent, the

total reflection width is estimated by replacing b of

Eq. (5) with, bhkl ¼ bS þ bD, hence transforming to the

final equation:

bhkl ¼
kk

D cos h

� �

þ 4e tan h ð6Þ

The term ðkk=DcoshÞ represents the size broadening
whereas, 4etanh depicts the microstrain broadening.

Multiplying both sides of Eq. (6) with cosh, we

obtain the relation:

bhkl cos h ¼ kk
D

� �

þ 4e sin h ð7Þ

Table 2 lists the values of 2h, broadening b, along
with the hkl values of selected peaks for Williamson-

Hall analysis. The slope of bcosh versus 4sinh plot

(Fig. 3) gives the lattice strain and the intercept is

used to calculate the crystallite size, as summarised in

Table 3. Equation (7) is acknowledged as uniform

deformation model (UDM) for Williamson–Hall

Analysis. In this model, the strain is assumed to be

uniform in all crystallographic directions, hence

considering the isotropic nature of the crystal [45].

3.3 Fourier transform infrared (FTIR)
spectroscopy

The Fourier transform infrared (FTIR) spectra of BTO

and BSTMO samples have been recorded in the

transmission mode, as shown in Fig. 4a. The FTIR

absorption spectra are sensitive to the formation of

the chemical bonds and depict the different func-

tional groups and vibrational modes present in the

samples. The information related to the interaction of

the atomic and molecular forces within the crystal

lattice can be extracted by this technique. The energy

Table 2 Peak broadening (b) and 2h values, with corresponding

Miller indices of peaks used in Williamson–Hall analysis

Miller

indices hkl

BTO BSTMO

2h
(degrees)

b
(degrees)

2h
(degrees)

b
(degrees)

(100) 22.20 0.252 22.27 0.322

(101) 31.59 0.202 31.67 0.343

(111) 38.95 0.155 39.05 0.321

(200) 45.32 0.455 45.39 0.478

(201) 50.99 0.385 51.09 0.346

(211) 56.27 0.331 56.39 0.455

(220) 65.93 0.373 66.11 0.448
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of the molecule influences the position of the

absorption peaks in the FTIR spectra. Molecules

having greater energy occupy the position with

higher wavenumber.

The vibrational bands present in the region

520–560 cm-1 is the characteristic band of metal-ox-

ide Ti–O stretching vibration in the TiO6 octahedron

and confirm the formation of BaTiO3 [46]. The low

frequency absorption band near 428 cm-1 corre-

sponds to the Ti-OII bending vibration [9, 47].

Figure 4b, c depicts the bending and stretching

vibrations of TiO6 octahedra. The absorption bands at

860 cm-1 and 1197 cm-1 are due to the C–H bending

modes of ethanol. The band at 1420 cm-1 appears

due to the symmetric stretching vibrations of the

carboxylic group, instigated by the barium carbonate

precursor. The bands in the vicinity of 1550 cm-1

indicate the presence of C=C bending and C=N

stretching mode [48]. The characteristic absorption

bands near 1625 cm-1 are attributed to the O–H

Fig. 3 Williamson-Hall plots of BTO and BSTMO using UDM (uniform deformation model)

Table 3 Crystallite Size, Lattice strain, Grain size and Tolerance factor of BTO and BSTMO samples

Samples Crystallite size (nm) Lattice strain (g) Grain size (lm)

(from SEM)

Tolerance factor (s)

Scherrer’s equation Williamson-Hall method

BTO 39.7 55.0 1.56 9 10–3 1.05 1.07

BSTMO 23.6 29.1 9.2 9 10–4 0.68 1.06

Fig. 4 a FTIR spectra of BTO

and BSTMO samples

b Bending and

c Stretching Vibrations of Ti–

O bond.
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bending modes of ethanol. The band between

2900 cm-1 and 3100 cm-1 corresponds to the C–H

stretching vibration and confirms the presence of

functional groups CH2 and CH3. The characteristic

absorption band near 3390 cm-1 is due to the pres-

ence of O–H stretching vibration of H2O and indi-

cates the presence of moisture in the sample [49].

The average Ti/Mn–O bond length (r) can be esti-

mated by the following relation [50, 51]

r ¼ 17

k

� �1=3
ð8Þ

where k is the average force constant of Ti/Mn–O

bond. The value of k has been derived from Hook’s

law, which relates the transmission wave number (m)
of stretching vibration to the force constant and

reduced mass of the molecular system as,

m ¼ 1

2pc

� �

ffiffiffi

k

l

s

ð9Þ

where m represents the wavenumber in cm-1, c is the

speed of light, l denotes the effective mass of the

sample which is given by,

l ¼ Mo � xMMn þ 1� xð ÞMTi½ �
Mo þ xMMn þ 1� xð ÞMTi½ � ð10Þ

Here, Mo;MMnandMTi represent the atomic weights

of O, Mn and Ti ions, respectively, and x is propor-

tion of Mn with respect to Ti within BTO. Hence the

quantities k; l and r of the samples can be estimated

using the above equations and their values have been

summarised in Table 4.

The Ti–O bond length decreases with the inclusion

of Mn atoms at the Ti site, while the force constant

increases. This change in the vibrational bonds is

evident from the metal-oxide band shift towards the

higher wavenumber. The inset image of Fig. 4a

shows a shift in the Ti–O peak from 530.93 to

558.24 cm-1, with the incorporation of the Sr2? and

Mn2? dopants in the BSTMO sample. This peak shift

towards higher wavenumber is attributed to the

lower effective ionic radii of Sr2? (1.31 Å) as com-

pared to that of Ba2? (1.75 Å) cation. The substitution

of the dopants, having smaller ionic radii causes a

decrease in unit cell volume, leading to an increase in

the bond dissociation energy of the doped sample

[9, 49]. This deformation in crystal structure leads to

an increase in the force constant of the vibrating bond

of the doped sample, which results in spectral vari-

ation. This observation is in close agreement with the

results obtained from the XRD analysis.

3.4 Morphological studies (SEM
and EDAX)

The microstructure of the BTO and BSTMO samples

has been probed using a scanning electron micro-

scope (SEM) combined with an energy dispersive

analysis of x-rays (EDAX) to estimate the elemental

composition. The recorded SEM micrographs for

pristine and doped BTO samples are shown in Fig. 5.

The micrograph analysis of BTO reveals micro-sized

particles with considerable variation in the particle

size [Fig. 5a, b]. The microstructure of the doped

sample [Fig. 5c, d], reveals irregular particle shapes

and macro-agglomerations with decreased grain size.

The microstructure of the BTO exhibits large rectan-

gular crystals with substantial porosity, which may

be due to the gases released during calcination at

900 �C. The grain size of the BSTMO is reduced upon

Sr and Mn substitution which is in accordance with

XRD studies. The reduction in the particle size can be

attributed to the enhanced nucleation sites. Incorpo-

ration of Mn induces charge imbalance, promotes the

creation of oxygen vacancies and causes structural

distortion which leads to the decrease in the crys-

tallinity of the samples. The decrease in the crys-

tallinity is evident from the micrographs. The high

porosity of the pristine sample is also reflected in the

temperature dependent resistivity studies [52].

Table 4 Transmission wave number (m), Force constant (k), effective mass (l), bond length (r) of BTO and BSTMO samples as obtained

from FTIR spectra and Rietveld Refinement

Sample m (cm-1)

(Ti/Mn–O)

From FTIR

k(N/cm) l (amu) r(Å)

(Ti/Mn–O)

From FTIR

r(Å)

(Ti/Mn–O)

From Rietveld Refinement

BTO 530.93 2.00 11.99 2.03 2.00

BSTMO 558.24 2.22 12.03 2.00 1.99
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Figure 6 shows the grain size distribution of BTO

and BSTMO samples which lies in the range of

0.2–1.4 lm.The grain size of doped ceramicsmanifests

micro-scaled, small and narrow distribution. The

average grain size decreases from 1.05 lm for BTO to

0.68 lm for BSTMO sample. The large grain size in the

pristine sample may be due to the non-uniform dis-

semination of the oxide precursors in the lattice.

The EDAX spectra of the constituent elements

recorded in the energy range of 0–20 keV are

presented in Fig. 7. The peaks appearing in the EDAX

patterns are that of the constituent elements (Ba, Ti,

O, Sr and Mn) only. This confirms that there is no

impurity present in the synthesized samples. Inset

data of Fig. 7 validate the integration of Mn at Ti site

and Sr at Ba site. The relative substitution of the

dopant elements at the A and B sites of the per-

ovskites is in the vicinity of the expected

concentration.

Fig. 5 a–d SEM micrographs of BTO and BSTMO at 5 lm and 10 lm scales

Fig. 6 Histograms obtained from grain size distribution analysis of SEM micrographs of a BTO, and b BSTMO samples along with their

Gaussian fit
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3.5 Dielectric analysis

In the field of dielectrics, BaTiO3 holds one of the

most prestigious positions owing to its very high

dielectric permittivity, which makes it a potential

candidate for highly efficient capacitors. Dielectric

properties of BTO and BSTMO ceramics (dielectric

permittivity (er) and dissipation factor (tand)) have

been investigated as a function of frequency and

temperature. The complex permittivity is the

parameter of prime importance in the dielectric

analysis and is given by Eq. (11)

e� xð Þ ¼ e0 xð Þ � ie00 xð Þ ð11Þ

Here e0(x) represents the real part of the entity e*(x)
and defines the energy storage capability of the

material, whereas the imaginary part e‘‘(x) represents
the energy dissipation in the form of heat within the

ceramics. The real part of the dielectric permittivity

has been obtained from the experimentally measured

values of the capacitance by the relation

e0 ¼ Cpd

eoA
ð12Þ

Here Cp, d and A denote the capacitance, thickness

and cross-sectional area of the circular pellet,

respectively, and eo= 8.854 9 10-12 F/m is the per-

mittivity of the free space.

Dielectric properties of pristine and doped BaTiO3

ceramics have been investigated in the frequency

range of 42 Hz to 50 kHz at room temperature

(Fig. 8a). The samples exhibit very high values of

dielectric constant at lower frequencies, their highest

values being 1121 and 1081 for pristine and doped

samples, respectively. The samples exhibit distinct

dispersive behaviour for the entire frequency range.

The sharp decline in dielectric constant with fre-

quency is attributed to the lower contribution from

ionic and dipolar polarizations and as well as space

charge polarization. This may also be due to the

creation of the crystal imperfections such as defects,

voids, oxygen vacancies and the additional effects

pertaining to the substitution of Sr2? and Mn2? ions

in pristine BTO. The dielectric constant subsequently

attains an almost constant value at a frequency

greater than 5 kHz. It can be explained on the basis of

Maxwell–Wagner type of interfacial polarization

effect [53]. In the low frequency region, the electric

dipoles effortlessly follow the polarity alteration of

applied ac field and orient themselves accordingly.

At higher frequencies, the polarity of ac field under-

goes a rapid change. Some of the dipoles are not

competent enough to follow this change and leading

to a decrease in the values of e0(x). In the high fre-

quency region, ionic and orientational polarizations

do not contribute to the dielectric constant and only

electronic polarization gives rise to e0(x). The drop in

the values of the dielectric constant of the doped

sample corresponds to the smaller crystallite size as

well as the diminished grain size and increased

density of the microstructures. As evident from the

Rietveld refinement data, the tetragonality (c/a) has

reduced for the BSTMO samples due to incorporation

of Sr2? ion. Reduction in tetragonality implies that

the structure is closer to the cubic configuration,

which is more symmetric, leading to a decreased

dielectric constant [54].

Fig. 7 EDAX spectra of a BTO and b BSTMO samples
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The behaviour of the frequency dependent dielec-

tric response has been studied through the universal

dielectric response (UDR) model. According to this

model, the hopping of localized charge carriers

between spatially fluctuating lattice potentials not

only generate conductivity but also instigates the

dipolar effects. Mathematically, e0 is given by

e0 ¼
tan sp

2

� �

ro
eo

fa�1 ð13Þ

where, ro and s depict the temperature dependent

constants and f is the frequency. Rearranging Eq. (13)

gives,

f � e0 ¼ A Tð Þ � fa ð14Þ

where AðTÞ ¼ tanðsp=2Þro=eo is a temperature

dependent constant. The above relation (14) holds if

the plot of log(fe0) versus log(f) follows a straight line

trajectory, whose slope is equal to ‘a’. This inference

was justified from the linear plots in Fig. 8b. The

samples exhibit linear behaviour in the entire fre-

quency range, implying that the UDR model is

accountable for the dielectric response within these

samples at all the probing frequencies.

Inset of Fig. 8b denotes the frequency dependence

of dielectric loss factor (tand) of BTO and BSTMO at

room temperature. Both the samples display the

higher value of tand in the low frequency region due

to the losses associated with the dielectric lagging.

Further, the space charge polarization induced upon

the capture of surface electrons by the impurities and

defects present in the crystal lattice, also contributes

towards the higher losses. Due to the trapped elec-

trons, more energy is required for their motion,

leading to migration losses. The decrease of tangent

loss at higher frequencies may be attributed to the

reduction in interfacial polarization. In this region,

the dielectric constant depends only on the hopping

of electrons. Dielectric loss signifies energy dissipa-

tion in the material. It corresponds to the lost applied

electrical field energy as thermal energy, and thereby

heating up the system. Sr and Mn are responsible for

an increment in the dielectric loss of the sample,

which has also been reported in previous studies [55].

Figure 9a–d shows the dielectric constant of BTO

and BSTMO samples as a function of temperature at

specified frequencies. In case of both the samples, the

dielectric constant increases with the rise in temper-

ature, and exhibit an anomaly in the temperature

range of 370–410 K, corresponding to the Curie

temperature. The structure of BTO undergoes a phase

transformation from tetragonal to cubic at around

400 K, whereas BSTMO transforms at a relatively

lower temperature, near about 380 K. The dielectric

permittivity shows a slight decline in this region

because some of the thermal energy is utilized in the

re-orientation of the domains resulting in loss of

ferroelectricity and acquisition of paraelectric state.

With further increase in temperature the polarisation

is enhanced due to increased polaron hopping.

Moreover, the thermal expansion of the lattice stim-

ulates the mobility of bound charge carriers which

are present at the defect sites within the samples.

These bound charges align themselves according to

Fig. 8 a Plots of real part of dielectric permittivity against

frequency of applied field for BTO and BSTMO samples. Inset in

the figure represents the enlarged view for BTO sample. b

ln(m 9 e0) versus ln(m) plots to depict the UDR behavior of the

BTO and BSTMO samples. Inset represents the tangent losses as a

function of frequency of the applied field
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the applied electric field, hence increasing the polar-

isation. However, for higher values of frequencies

(Fig. 9b, d), the permittivity reduces in accordance

with the Maxwell–Wagner polarisation effect. It can

be observed from Fig. 9d that BSTMO ceramic has

broad peaks, which denotes the diffused type tran-

sition, which is a characteristic disordered perovskite

structure and it highlights that the tetragonal to cubic

transformation is diffused. The results are consistent

with the earlier reported observations [19].

The temperature dependence of dielectric loss of

BTO and BSTMO at selected frequencies is shown in

Fig. 10a, b. The dielectric loss is found to increase

with the increase in temperature while it decreases

with the increase in frequency. The temperature

dependent enhancement in tand may be attributed to

the generation of impurities and defects and also due

to dipole vibrational losses leading to fatigue in the

system. Both Mn and Sr lead to an upsurge of doubly

ionized oxygen vacancies at elevated temperature,

which can be explained by Kronger–Vink notation:

Oo !
1

2
O2 þ V00

o þ 2e0 ð15Þ

The increase in the oxygen vacancies leads to

enhanced conduction losses in the doped sample.

Dielectric loss is directly proportional to the ac con-

ductivity in the medium and correspondingly

increases with the increment in temperature. This

may be attributed to the migration of the ions during

which they impart their energies to the lattice. The

appearance of the peak at around 380–420 K confirms

the relaxor type behaviour in the BTO sample.

Cole–Cole analysis has been executed to examine

relaxational behaviour for these samples. Figure 11

shows the Cole–Cole plots for BTO and BSTMO

specimen at room temperature, which is constructed

by plotting the imaginary part of the dielectric per-

mittivity (e00 = e0tand) against its real part (e0). The

variation of e00 with e0 does not follow a semi-circular

trajectory, rather it exhibits a nearly linear behaviour

at higher frequencies for both the samples. We did

not observe any substantial impact of Sr and Mn

Fig. 9 a–d Plots of dielectric constant as a function of temperature at selected frequencies for BTO and BSTMO
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substitution on the Cole–Cole profile, indicating that

both the samples exhibit non-Debye type of relax-

ation in the applied frequency range at room tem-

perature, which can be attributed to the

inhomogeneity in the formation of grains and surface

roughness [21]. The lower values of conductivity

might also be responsible for the non-Debye beha-

viour of the samples. The presence of the tail in the

low frequency region shows an almost mono-dis-

persive or narrow- ranging dispersal of the relaxation

for electron hopping due to heavy losses in a

specimen.

To conclude, the samples exhibit very high values

of dielectric constant at lower frequencies, which

sharply decreases with an increase in frequency,

which is in accordance with the Maxwell–Wagner

interfacial polarization effect. The slight decrease in

highest value of dielectric constant is observed for

(Sr, Mn) co-doped sample which is consistent with

the structural and morphological studies. Tempera-

ture dependent studies reveal that the samples obey

the UDR model. Cole–Cole analysis reveals the exis-

tence of non-Debye type of relaxation in both the

samples.

3.6 Conduction mechanism

Physical characteristics, such as dielectric permittiv-

ity, losses and conductivity are associated with the

material’s composition and microstructure. The ac

conductivity (rac) is calculated through the relation:

rac = e0e0xtan d, where e0, e0, x and tand denote the

real part of dielectric permittivity, free space per-

mittivity, angular frequency and tangent loss factor,

respectively. The temperature dependence of ac

conductivity for BTO and BSTMO has been

Fig. 10 Plots of tand as a function of temperature at selected frequencies for a BTO and b BSTMO samples

Fig. 11 Cole–Cole plots for a BTO and b BSTMO
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investigated as shown in Fig. 12. It can be seen from

the figure that the ac conductivity of the samples is

enhanced with the rise in temperature. This increase

may be ascribed to the augmented drift mobility and

polaron hopping instigated due to thermal agitation.

This effect is more prominent in the higher temper-

ature range, where increased hopping of charge car-

riers contribute towards an increase in conductivity.

Moreover, for lower frequencies (Fig. 12a, c), the

electric field does not have much impact on the

mobility of charges, hence the values of electrical

conductivity is similar to rdc. But for higher fre-

quencies, (Fig. 12b, d) the conductivity rises in

accordance with the Jonscher’s universal power law

stated as r = Axs, where r is the total conductivity, A

is a constant, x is the angular frequency and ‘s’ is a

frequency dependent parameter lying between 0 and

1 for ac conductivity. The higher values of the elec-

trical conductivity may be attributed to the greater

losses instigated in the material and also due to the

creation of oxygen vacancies on account of doping.

In order to gain an insight into the conduction

mechanism occurring in these materials, lograc has

been plotted against logx at different temperatures as

shown in Fig. 13. The slope of these plots gives the

value of the exponent ‘s’. There are various theoret-

ical models [56] which assist in comprehending the

relaxations and electric transport mechanism by cor-

relating ‘s’ parameter with the temperature, such as

correlated barrier hopping (CBH), non-overlapping

small polaron tunnelling (NSPT), quantum mechan-

ical tunnelling(QMT) and overlapping large polaron

tunnelling (OLPT) models. The correlated barrier

hopping (CBH) model presides over when the

exponent ‘s’ decreases with temperature, whereas

NSPT model contributes when ‘s’ value increases

with rising temperature. The OLPT model dominates

if the exponent ‘s’ initially decreases followed by an

increase, whereas the QMT model governs when ‘s’

parameter is independent of temperature. It is

observed from Fig. 13a, b that the value of ‘s’, as

determined at selected temperatures, lies in the range

Fig. 12 Plots of rac as a function of temperature at selected frequencies for a b BTO and c d BSTMO
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of 0.39 to 0.81 for BTO and between 0.54 and 0.76 for

BSTMO samples, respectively. The exponent ‘s’

exhibits a decrease with the increase in temperature

for both the samples, which is in accordance with the

correlated barrier hopping (CBH) conduction mech-

anism (Fig. 14a). CBH is the classical model which

states that thermally activated charge carriers hop

over the potential barrier between different lattice

sites, upon temperature increase. The small grain size

of the samples might be the contributing factor for the

dominance of this mechanism. The decrease in ‘s’

parameter is related to the enhanced mobility of free

charge carriers via the localized energy states gener-

ated at the oxygen vacancy sites.

The exponent ‘s’ has been used to estimate the

polaron binding energy (Wm) [56], also known as

polaron hopping energy, for these systems. It is the

amount of energy required for the polaron to hop

Fig. 13 Plots of ln rac versus ln x at selected temperatures for a BTO and b BSTMO samples

Fig. 14 Temperature dependent plots of a Exponent ‘s’, and b Binding energies for BTO and BSTMO samples
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from one site to another. According to the CBH

model, the polaron binding energy is given by

Wm ¼ 6kBT

1� sð Þ ð16Þ

where, kB is Boltzmann’s constant. The variation of

binding energy with temperature is given in Fig. 14b.

The binding energy decreases with temperature for

the BTO sample, indicating an increase in the number

of hopping charge carriers, and ease in the motion of

the polarons across the lattice sites. For the doped

samples, initially, the binding energy increases

slightly upon temperature increase but decreases

afterward. This slight increase may be due to the

incorporation of Mn ions that accumulates near the

grain boundaries and results in grain growth sup-

pression. This creates a potential barrier near the

grain boundaries, hence making it difficult for the

charge carriers to move [57, 58]. The barrier gets

broken with the rise in temperature and hence we

witness lower values of binding energy at higher

temperatures.

The ac conductivity activation energy has been

estimated using the Arrhenius law, given by,

r ¼ roe
� Ea

kBT

� �

ð17Þ

where ro is a pre-exponential term, kB is the Boltz-

mann constant (8.61 9 10–5 eV/K), T is the absolute

temperature and Ea represents the activation energy.

Figure 15 shows the variation of lnr with the inverse

of temperature at 1 kHz and 100 kHz frequencies for

BTO (Fig. 15a, b) and BSTMO (Fig. 15c, d) samples,

respectively. The slopes obtained from the linear fit of

these plots are utilized to estimate the activation

energies at 1 kHz and 100 kHz. At 1 kHz frequency,

in the lower temperature regime (300–400 K), acti-

vation energy lies around 0.09 eV, indicating that the

conduction is due to polaronic hopping. The activa-

tion energy increases with the increase in tempera-

ture, which may be attributed to the hopping of

oxygen vacancies within the TiO6 octahedron and the

flow of doubly ionized oxygen vacancies. Corre-

spondingly, for 100 kHz (Fig. 15b, d), the values of

activation energy escalate owing to increased ac

conductivity, confirming that activation energy is

frequency dependent.

Hence, the ac conductivity obeys Jonscher’s uni-

versal power law, and the power factor ‘s’ has been

obtained upon fitting the data. The factor ‘s’

decreases with the rise in temperature, which is in

accordance with the correlated barrier hopping

(CBH) conduction mechanism. Moreover, the acti-

vation energy is enhanced upon the rise in tempera-

ture due to the charge hopping between localized

states, and the transport mechanism transforms from

electronic to ionic conduction.

3.6.1 Electrical dc resistivity transport analysis

The temperature dependence of dc resistivity is

measured to study the effect of doping on the acti-

vation energy of the samples under study. The dc

resistivity versus temperature plots for BTO and

BSTMO samples are shown in Fig. 16. It is apparent

from these plots that both the samples manifest a

similar tendency of decrease in resistivity with the

increase in temperature. This rapid reduction in

resistivity, with the rise in temperature reveals that

the samples are semiconducting in nature. Moreover,

the increase in conductivity with increasing temper-

ature (Inset: Fig. 16) depicts that as the temperature

rises, more number of charge carriers are able to

overcome the potential barrier and hop to the con-

duction band from the valence band. It can be infer-

red from the graphs that both the samples exhibit a

negative temperature coefficient of resistivity (NTCR)

[2] within the analyzed temperature range.

The value of resistivity is found to be 6.4 9 108 X-
m for BTO at 310 K, which further reduces to

0.91 9 107 X-m at 470 K. However, for the doped

sample, the resistivity is found to drop from

4.98 9 107 X-m to 2.36 9 105 X-m, when the tem-

perature is raised from 310 to 470 K. The resistivity

data of the BTO and BSTMO samples have been lis-

ted in Table 5.

It is evident from Table 5 that the resistivity of

(Sr, Mn) co-doped BTO is much lower than that of

pristine BaTiO3. This is due to the Sr2? content which

influences the morphology of BaTiO3, hence affecting

the grain- boundary conduction phenomena. The

grain boundary permittivity decreases with the rise

in temperature, in accordance with the Curie–Weiss

law [23]. The associated potential barrier increases,

thus slowing down the fall in the resistivity, leading

to its almost constant value. Moreover, the reduction

in the electrical resistivity is widely associated with

the inability of the doped sample to achieve sufficient

crystallization, which is evident from the

microstructure analysis of the powders.
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The temperature at which the materials undergo

transition from ferroelectric to paraelectric phase is

largely dominated by the characteristics of the

dopants. The incorporation of Sr and Mn influences

the grain boundaries and making them electrically

homogenous. In particular, for the BSTMO sample,

Fig. 15 a–d Variation of lnr with inverse of temperature at selected frequencies for BTO and BSTMO samples

Fig. 16 Plots of resistivity against temperature for a BTO and b BSTMO samples along with fitted data. Insets show conductivity vs

temperature plots for the same
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the Curie temperature shifts slightly towards the

lower temperature. This shift is in close agreement

with the previous reports [20, 32, 55]. The BaTiO3

sample shows a transition from tetragonal phase to

cubic phase at around 403 K (Fig. 16a), whereas the

BSTMO samples undergo the phase transition near

390 K (Fig. 16b). The plot obtained upon studying the

variation of resistivity with temperature of the sam-

ples was fitted and is shown in Fig. 16. The experi-

mental data are found to converge with the best

possible R2 values, when fitted with the double

exponential decay curve. The mathematical

expression

y ¼ yo þ A1e
�x�xo

t1 þ A2e
�x�xo

t2 ð18Þ

was derived upon fitting the curve and the obtained

values of R2 are 0.987 and 0.991 for BTO and BSTMO

samples, respectively. The closeness of the R2 values

to unity is evident from the plot, where the fitting

almost overlaps the experimental data. Hence, we

obtained the mathematical relation for the depen-

dency of resistivity upon temperature, which is given

by Eq. (19).

q ¼ qo þ A1e
T�xo
t1 þ A2e

T�xo
t2 ð19Þ

where q represents the resistivity, T stands for the

temperature and yo; xo, A1; t1;A2; t2 are the fitting

parameters whose estimated values have been tabu-

lated in Table 6.

3.6.2 DC conductivity

The conductivity of the samples has been evaluated

from the resistance data using the Eq. (20)

r ¼ t

R� A
ð20Þ

where t and A represent the pellet thickness and

cross- section area, respectively, and R stands for the

experimentally measured resistance. The activation

energy has been calculated through the Arrhenius

law(Eq. 17).

Figure 17 depicts the variation of lnrdc with the

inverse of temperature for BTO and BSTMO speci-

mens. The experimental data have been fitted with

the Arrhenius law to estimate the activation energy of

the material. The values of activation energy as

determined using the slope of ln r vs 1/T plot are

found to be 1.02 eV and 0.61 eV for the pristine and

doped samples, respectively. The lowering of the

activation energy in case of the Sr and Mn consoli-

dated sample can be understood by the charge

imbalance created due to the occupation of Mn2? ion

at the Ti4? site. The difference in the oxidation states

promotes the hopping of electrons in the TiO6 octa-

hedron, consequently reducing the Ea value. The

doubly ionised oxygen vacancies contribute to the

values of activation energy in the high temperature

range [19, 59].

Therefore, it can be concluded that the electronic

conduction mechanism dominates in the low tem-

perature region whereas for higher temperatures, the

electrical conduction is ionic in nature. Moreover, the

gradual decrease in the resistivity of the sample with

the increase in the temperature, highlight towards a

semiconductor behaviour of the sample, with nega-

tive temperature coefficient of resistivity

characteristics.

3.7 Ferroelectric properties

Figure 18 shows the room temperature polarization–

electric field (P-E) hysteresis loops for BTO and

Table 5 Resistivity of BTO

and BSTMO samples at

different values of

temperatures

Samples Temperature (K) ? 310 330 350 370 390 410 430 450 470

BTO q(X-m) 9 107 64 15 10.3 6.43 4.12 2.34 1.99 1.62 0.91

BSTMO 4.98 1.92 0.58 0.23 0.09 0.06 0.03 0.03 0.02

Table 6 Fitting parameters for

resistivity vs temperature

curves for BTO and BSTMO

samples

Samples Parameters

yo(X-m) xo(K) A1 t1(K) A2 t2(K) R2

BTO 6.9 9 106 313.27 5.5 9 108 2.94 2.40 9 108 39.29 0.987

BSTMO 1.7 9 105 311.75 2.4 9 107 18.79 2.48 9 107 18.79 0.991
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BSTMO ceramics at distinct applied electric fields

(E = 5, 10, 15, 20, 25 kV/cm). The hysteresis data

have been recorded at a frequency of 50 Hz with 100

nf internal capacitance and 100 kX resistance. BaTiO3

displays spontaneous polarisation in its tetragonal

phase as evident from the P-E loops. The nonlinear

trajectory of the P-E plot reveals the presence of fer-

roelectric polarization in the samples which does not

achieve complete saturation, despite higher values of

applied electric field. The applied electric field and

Fig. 17 Variation of ln rdc with inverse of temperature for a BTO and b BSTMO samples

Fig. 18 a–d Ferroelectric hysteresis (P-E) loops for BTO and BSTMO samples
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the nature of the dopants are the governing param-

eters for the values of the remnant polarization (Pr),

maximum polarization (Pm), coercive field (Ec) and

the loop contour. A detailed explanation is given

below.

3.7.1 Impact of applied electric field on polarization

parameters

At room temperature, BaTiO3 exists in tetragonal

symmetry with P4mm space group, which is non-

centrosymmetric in nature [60]. The positively

charged Ti4? ions occupy the centre while the faces

are occupied by the negatively charged oxygen (O2-)

ions, i.e., centre of Ti4? ions does not coincide with

the negatively charged O2- ions. When the external

electric field interacts with the dielectric ceramic,

these cationic and anionic charge centres are attracted

towards the oppositely charged electrodes, forming a

dipole. The distance between the charge centres

increases with the applied field, ultimately increasing

the dipole moment (l =
P

qd) and hence strength-

ening the net ionic polarisation (P = l/V). Addi-

tionally, as the force (F = qE) applied to the

ferroelectric domain escalates, more number of elec-

tric dipoles align themselves in its direction, gradu-

ally raising the Pr and Pmax values. The loops in

Fig. 18 exhibits a strong dependence upon the

applied electric field. The ferroelectric coercive field

has been evaluated by Ec = (Ec? ? Ec-)/2 and the

remnant polarization Pr by (Pr? ? Pr-)/2. The

obtained values of Ec and Pr for selected values of

applied electric field for BTO and BSTMO samples

have been tabulated in Table 7. In BTO, for a field of

5 kV, the Pr and Pmax values are 0.0299 lC/cm2 and

0.2515 lC/cm2, respectively. These values enhanced

to 0.8593 lC/cm2 and 1.9586 lC/cm2, respectively,

for 25 kV field. A similar trend is obtained for the

doped sample, too. The area of the loop has been

found to increase with the rise in the electric field for

both the samples, which may be attributed to

increased mobile charge carriers leading to leakage

current.

3.7.2 Dependency of polarization parameters on grain

size

A well-behaved hysteresis loop is observed for pris-

tine BTO, however, the doped sample exhibits almost

linear ferroelectric hysteresis with reduced Pr and Ec.

A suppression in the ferroelectricity is observed

along with the gradual emergence of a paraelectric

behaviour which leads to a sudden drop in the

polarization parameters. It may be due to the creation

of oxygen vacancies in the sample under the effect of

Mn doping at the Ti site. The decreased polarization

in BSTMO can also be explained on the basis of the

obtained structural data. The shift of the tolerance

factor towards s = 1, indicates that (Sr, Mn) inclusion

promotes a more symmetric structure, i.e., the system

is going toward the cubic phase, which does not

favour ferroelectricity, which can also be verified

from the increase in the Ti–O-Ti bond angle for the

doped sample. This reduction in non-centrosymme-

try is due to the suppression of the tetragonal state

and ultimately reduces the ferroelectricity within the

Table 7 Estimated values of maximum polarization (Pm), remnant polarization (Pr) and coercive field (Ec) of BTO and BSTMO ceramics

at different values of applied electric field

Samples Applied electric field, E (kV/

cm)

Maximum polarization Pmax (lC/
cm2)

Remnant polarization Pr (lC/
cm2)

Coercive field Ec (kV/

cm)

BTO 5 0.252 0.0299 1.3223

10 0.536 0.169 2.755

15 0.894 0.331 4.357

20 1.316 0.532 6.295

25 1.959 0.859 8.995

BSTMO 5 0.068 0.005 0.409

10 0.164 0.011 0.844

15 0.248 0.020 1.388

20 0.338 0.029 2.026

25 0.436 0.041 2.818
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doped sample leading to the linear polarisation

response. For a particular applied field, E = 15 kV/

cm, the maximum polarization (Pm) is observed to be

0.89 lC/cm2 for BaTiO3 and it reduces down to 0.24

lC/cm2 for (Sr, Mn) co-doped sample. The large

grain sizes direct the electric domain orientation

under the applied electric field and impart good

ferroelectric behaviour as in case of pristine sample

which has an average grain size of 1.05 lm [61]. With

the reduction in grain size, the potential barriers in

the domains increase accompanied by a redistribu-

tion of point defects and space charge at grain

boundaries, that consequently reduces the ferroelec-

tric nature of the material [12]. Venkata et al. [54]

have reported that the large grain size of material

overcame the energy barrier, leading to the easier

reversal of ferroelectric domains. Tan et al. [62] have

reported that the ferroelectric nature of BaTiO3

ceramics first increases with the decrease in average

grain size, and reaches a maximum value in the grain

size range of 0.8–1.1 lm. Afterwards, it rapidly

decreases with further decrease of grain size. The

obtained results of BTO and BSTMO samples are

consistent with the reported trend. The lower values

of the grain size significantly impact the nature of P-E

loops.

Hence, a reduction in non-centrosymmetry is

observed in the (Sr, Mn) co-doped sample which is

attributed to the suppression of the tetragonal phase.

This ultimately reduces the ferroelectricity within the

doped sample leading to the linear polarisation

response, which corresponds to the paraelectric state

of the sample.

4 Conclusion

Lead-free ferroelectric, crystalline samples of Ba1-x-

SrxTi1-xMnxO3 at x = (0.0, 0.1) have been successfully

synthesized by the solid-state reaction route and their

structural, dielectric, ferroelectric and electrical

transport properties have been studied using various

analytical techniques. XRD patterns revealed tetrag-

onal phase (P4mm) for each sample. Ultrasonication

of the samples prior to grinding promoted the for-

mation of small grains with uniform microstructure.

It might also be responsible for producing

monophasic crystalline samples at a relatively lower

sintering temperature of 900 �C. Rietveld refinement

analysis confirmed that the lattice parameters, bond

lengths, and bond angles are significantly influenced

upon doping. The crystallite size is estimated using

Scherrer equation and Williamson-Hall approach and

it is found to decrease with doping. FTIR analysis

reveals absorptions bands in the region of

520–560 cm-1 and 425–435 cm-1 corresponding to

Ti–O stretching (m1) and bending vibrations (m2),
respectively, confirming the formation of TiO6 octa-

hedron. SEM micrographs reveal that the grain size

lies in the range 0.2–1.4 lm. The average grain size

decreases from 1.05 lm for BTO to 0.68 lm for the

doped sample. The dielectric constant and loss tan-

gent reduce with the increase in frequency as well as

with co-doping. The samples exhibit universal

dielectric response (UDR) phenomena for the fre-

quency range of 42 Hz–50 kHz. The temperature

dependent dielectric permittivity exhibits a thermally

activated relaxation peak near 400 K in the BTO

sample which shifts towards lower temperatures for

the doped sample, indicating a decrease in the Curie

temperature. The conduction mechanism is governed

by the correlated barrier hopping (CBH) model for

both the samples. The ac conductivity data have been

used to estimate the binding energies (Wm) of the

polarons and activation energy at different tempera-

tures. Ferroelectric studies demonstrate that the

pristine BaTiO3 favours the ferroelectricity, affirming

a non-centrosymmetric nature of the BaTiO3 but for

the co-doped sample, there is decrement in all fer-

roelectric variables indicating the emergence of cen-

trosymmetry in the crystal structure.
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